This research focuses on evaluating the feasibility of utilizing bottom ash from coal burning power plants as a fine aggregate in cellular concrete with various foam contents. Flows of all mixtures were controlled within 45 ± 5% and used foam content at 30%, 40%, 50%, 60%, and 70% by volume of mixture. Bottom ash from Mae Moh power plant in Thailand was used to replace river sand at the rates of 0%, 25%, 50%, 75%, and 100% by volume of sand. Compressive strength, water absorption, and density of cellular concretes were determined at the ages of 7, 14, and 28 days. Nonlinear regression technique was developed to construct the mathematical models for predicting the compressive strength, water absorption, and density of cellular concrete. The results revealed that the density of cellular concrete decreased while the water absorption increased with an increase in replacement level of bottom ash. From the experimental results, it can be concluded that bottom ash can be used as fine aggregate in the cellular concrete. In addition, the nonlinear regression models give very high degree of accuracy ( 2 > 0.99).
Introduction
In recent years, cellular concrete has increasingly been used in construction because it has an advantage of reducing the sizes of structures. Cellular concrete or foam concrete is a lightweight material consisting of Portland cement paste or cement filler matrix (mortar) with homogeneous voids or pore structures created by introducing air in the form of small bubbles. Introduction of pores is achieved through mechanical means either by preformed foaming or mix foaming. Preformed foaming is preferred to mix-forming technique due to the following advantages: (1) a lower foaming agent requirement and (2) a close relationship between amount of foaming agent used and air content of mix [1] [2] [3] . Generally, cellular concrete can be classified into two types: autoclave and nonautoclave cellular concrete. High-pressure steam curing makes the autoclave cellular concrete to improve the quality in lighter weight, low thermal conductivity, high heat resistance, and low drying shrinkage. The cellular concrete is widely used in the construction industry due to its lightweight and favorable insulation properties which are suitable for materials of sound barriers, fire walls, and building panels [4] .
The use of industrial waste and byproduct materials is now widely recognized as one of the preferred options towards the achievement of sustainable development [5] . Bottom ash (BA) is a byproduct of the combustion of pulverized coal in the power plants. From the previous studies, BA was used mainly on concrete block and road constructions and it was applied as lightweight aggregate in mortar and concrete [6] , where the results indicated that BA can be applied as a construction material. Some studies had progressed slowly focusing on the possibility of BA as sand replacement in normal concrete [7] [8] [9] . In addition, it was used as fine and coarse aggregate in high-strength concrete [10] . The results indicated that the slump flow of fresh concrete was slightly decreased when coarse BA was replaced at 100% of normal coarse aggregate. In Thailand, Mae Moh power plants produce BA approximately 2,000 tons a day or about 20% by volume of the total ash [11] . Most of the BA has been disposed in landfills because its uses are 2 Advances in Materials Science and Engineering limited, leading to increases of landfills results in greater air and environment pollution problems. In addition, these are several advantages of use of BA in the cellular concrete, that is, cost saving and reduction in the use of natural sand, disposal of wastes, prevention of environmental pollution, and energy saving. Moreover, high porous BA particles may reduce the shrinkage which was found in using lightweight aggregate in foam concrete [12] .
Experimental Program

Materials.
The physical properties of materials were shown in Table 1 . Ordinary Portland Cement (OPC) with specific gravity of 3.14 and Blaine fineness of 3,270 cm 2 /g was used in all cellular concrete mixtures. Local river sand (SA) having a specific gravity of 2.56 and BA specific gravity of 2.10 from Mae Moh power plant in the north of Thailand were used in this research as fine aggregate. Both SA and BA were sieved through sieve number 16 and retained on sieve number 100. Figure 1 shows the scanning electron microscope (SEM) of BA. The particle shape of BA is irregular and porous. However, the particle size distributions of the combinations of SA and BA in this research indicated by the gradation curves meet most of the requirement of ASTM C 33 (in Figure 2 ). The chemical properties of both materials are also reported in Table 1 . The major chemical compositions of Portland cement, SA, and BA were CaO (65.00%), SiO 2 (92.86%), and SiO 2 (46.02%), respectively.
Mix Proportions.
The mix proportions of cellular concrete are given in Table 2 . Different mixes of cellular concrete were made by use of foam content (V) at 30%, 40%, 50%, (cement-sand or cement-sand-bottom ash). The sequence of mixing starts with combining the cement and fine aggregate with water and keep mixing until a homogeneous mortar is obtained. After that, foam volume was added in the mortar and mixed for a minimum duration until foam was uniformly distributed.
Testing Details.
Based on several trails, the percent flows (consistency), measured in a standard flow table and in accordance with ASTM C 230 (without raising/dropping of the flow table as it may affect the foam bubbles entrained in the mix), were arrived at as 45 ± 5%. Earlier studies showed that, within this range, it gives a good stability and consistency [13, 14] . After that, the specimens were removed from the mold after 24 hours. The compressive strength, water absorption, and density at specific ages were determined.
The compressive strength was measured by three 50 mm cubes at 7, 14, and 28 days, in accordance with ASTM C 109. Water absorption is usually measured by drying the specimen to constant mass, immersing it in water and measuring the increase in mass as a percentage of dry mass. Density is defined as mass divided by volume. All testing was measured on 3 cube specimens with size of 50 mm for each mix of cellular concrete after moist curing. An average of the three values at each age was calculated.
The morphology and microstructure analysis of cellular concrete were characterized using scanning electron microscope (SEM) images and electron dispersive X-ray (EDX) spectrum with 15 kV, respectively. Gold-coated samples were used to examine fracture surfaces.
Results and Discussion
Water Requirements.
The water requirements for achieving a stable and workable of cellular concretes are also shown in Table 2 . It was found that the water requirement increases with an increase in the level of sand replacement by BA. For example, the water content of 50V0BA, 50V25BA, 50V50BA, 50V75BA, and 50V100BA was 0.218, 0.224, 0.229, 0.235, and 0.241 m 3 , respectively. This was due to the increase of porosity in cellular concrete. Similar results have been reported on a study of concrete using bottom ash as sand in literature [15] . And some literature explained that this was due to the high porosity of BA which absorbed water and resulted in high water requirements [11] . In contrary, the increase of foam content resulted in a decrease of water content because of its lower solid content which can be seen in Figure 3 .
Compressive Strength.
Compressive strength is one of the most important properties of concrete. Many researches showed that the compressive strength inversed the density of cellular concrete [12] [13] [14] . Table 3 tabulates the compressive strength of cellular concrete and Figure 4 presents some of the relationship among compressive strength and important parameters. The compressive strength of 30V0BA, 40V0BA, 50V0BA, 60V0BA, and 70V0BA at 28 days were 5.2, 4.0, 2.8, 2.0, and 1.7 MPa, respectively. It was found that compressive strength depended on foam content, percent sand replacement by BA, and curing age where the cellular concretes with the higher foam gave the lower compressive strength. The cellular concrete with foam content less than 50% gave the compressive strength more than 2.5 MPa (as TIS 1505-1998 specification). The replacement of SA by BA decreased cement content in cellular concrete, thus resulting in lower compressive strength the same as the results of cellular concrete using higher foam content. For example, the compressive strength at 28 days of cellular concretes 50V0BA, 50V25BA, 50V50BA, 50V75BA, and 50V100BA was 2.8, 2.8, 2.3, 1.9, and 1.7 MPa, respectively. It can be seen that the use of 25% of sand replacement by BA gave similarly compressive strength of 0% of sand replacement (not use BA). For mixes with BA, compressive strength decreases with increasing of BA content because increasing of water content and pore number in cellular concrete will induce a decrease [16, 17] . However, BA is one of pozzolanic materials and thus it can react Ca(OH) 2 from hydration reaction to produce CSH and CAH which can enhance compressive strength of concrete [11] . Figure 5 , it was found that an increase in the level of replacement of SA by BA and foam content leads to increase of water absorption. For example, the water absorptions at 7 days of cellular concretes 30V0BA, 30V25BA, 30V50BA, 30V75BA, and 30V100BA were 20, 22, 25, 27, and 31% while the water absorptions at 7 days of cellular concretes 70V0BA, 70V25BA, 70V50BA, 70V75BA, and 0V100BA were 40, 42, 48, 52, and 56%, respectively. A relatively higher water-solids ratio produces a weaker and pervious matrix, leading to higher capillary porosity which is in turn responsible for the increase in water absorption of mixes with BA. Similar results have been reported on water absorption of foam concrete using fly ash as sand in the literature of Nambiar and Ramamurthy [18] . Figure 6 indicates that an increase of BA content leads to decrease of density of cellular concrete due to its low specific gravity (2.10) compared with SA (2.56). As a result, BA replacement for SA at 100% by volume reduced density approximately 15% by weight. Use of foam content more than 50% gave the density lower than 1,000 kg/m 3 . However, it can be seen that when the compressive strength and density are higher, the water absorption is lower (as Table 3 ). From Table 3 , it showed that the mixes that had the compressive strength more than 2.5 MPa and the water absorption less than 30% and the density less than 1,000 kg/m 3 were cellular concretes 50V0BA and 50V25BA where cellular concrete 50V25BA was selected as the optimum mix because it had the lower density.
Water Absorption. From
Density.
With the current results, it could be concluded that 25% of the BA as SA and 50% of foam content (50V25BA) were the optimum of BA content due to the compressive strength, density, and water absorption comparable to that of the control cellular concrete. In addition, it was found that the compressive strength of cellular concrete is equal to class 2 of aerated lightweight concrete by Thai Industrial Standards (TIS) 1505 and 2601 [19, 20] . However, the density of BA cellular concrete is higher than that of the TIS standard. Although the density obtained from cellular concrete containing 50V25BA is higher than for TIS standard, nevertheless, the density of this study is lower than typical clay brick in Thailand's Construction Industry. Furthermore, its compressive strength in this research meets most the required clay brick strength. These comparisons are summarized in Table 4 .
Microstructural Analyses.
The typical SEM-EDX at magnitude of ×50 and ×2000 of cellular concrete is shown in Figure 7 . At ×50 of SEM, it showed that at fractured surface of cellular concrete had many spherical bubbles with 150-500 m in the matrix of cellular concrete. Figure 7(a) showed the SEM image of cellular concrete after 28 days of 50V0BA (without BA) and Figures 7(b)-7(e) showed the SEM image of cellular concrete containing BA, where it can be observed that cellular concrete had many air voids from foam agent. Size and number of air voids in 50V0BA had close to BA cellular concrete because it used the same foam content. Use of BA did not change the shape and the size of artificial air pores. Cellular concretes incorporating with BA were inconsistently formed of particle and were more porous than the control cellular concrete. It can be seen that the porous cellular concrete increases with an increase in the BA content. It can be explained that the porous behavior is relatively reduced in density of cellular concretes [21] . At ×2000 of SEM, it can be seen that the microstructure morphology of fracture surface of cellular concretes was rough surface due to hydration products (CSH, Ca(OH) 2 , and ettringite). The 50V0BA had the denser surface than that of BA cellular concrete because BA had high porous particle. According to Ordinary Portland Cement (OPC), BA from Mae Moh power plant contained large amount of CaO and SiO 2 [22] . Therefore, the results of the EDX analysis of cellular concrete confirm the presence of Ca and Si as major elements and the elements of Fe and Mg are present as minor elements. In addition, it was found that the increasing of the BA content had a little effect on the chemical reaction of cellular concrete because BA had large particle for reaction with Ca(OH) 2 and it was also used as fine aggregate [11] . A ratio of CaO and SiO 2 (Ca/Si) was often used to characterize the CSH in concrete where the higher Ca/Si ratio gave the higher compressive strength. From Table 1 , it was found that CaO and SiO 2 of Ordinary Portland Cement (OPC) and BA were 65.00% and 20.62% and 11.48% and 46.02%, respectively. Thus the Ca/Si ratios of 50V0BA, 50V25BA, 50V50BA, 50V75BA, and 50V100BA were 3.15, 1.91, 1.15, 0.63, and 0.25, respectively. It can be seen that use of higher BA replacement decreased the Ca/Si ratio and compressive strength of cellular concrete was related to the decrease in Ca/Si ratio too.
Predicting the Compressive Strength, Water Absorption, and Density Using Multiple Regression Techniques.
The nonlinear regression models were performed under SPSS version 15 as (1). The best fit of the data was determined to predict compressive strength, water absorption, and density of cellular concretes containing bottom ash. Classical statistical method was employed for nonlinear regression models and the various possible equations were tried to find the appropriate equation based on the absolute fraction of variance (
2 ) results that estimates the proportion of the total variation in the series using (2) . In addition, the root mean square (RMS) error and mean absolute percentage (MAPE) error were Advances in Materials Science and Engineering used to measure the variation using (3) and (4) 
where is the predicted value of th pattern, is the average predicted value of th pattern, is the actual value of th pattern, is the average actual value of th pattern, and is the number of patterns.
In this study, the volume of cement ( 1 ), sand ( 2 ), water ( 3 ), foam content ( 4 ), bottom ash ( 5 ), and age ( had significant influence on the compressive strength, water absorption, and density of cellular concrete. Therefore, these six important input parameters were taken into account in the proposed nonlinear regression models. The limit values of input variables used in regression models are listed in Table 5 . The details of the best expression equations for the compressive strength, water absorption, and density of cellular concrete using nonlinear regression techniques are given as (5), (6) , and (7), respectively. The nonlinear regression models were evaluated via statistical parameters as seen in Table 6 . Based on absolute fraction of variance ( 2 ), it was found that the nonlinear regression technique gives a high degree of accuracy where 2 of the nonlinear regression models are higher than 0.99. In addition, the root mean square (RMS) error and mean absolute percentage (MAPE) error of compressive strength, water absorption, and density of cellular concrete were 0.08151, 056786, 14.73598 and 3.33669%, 1.50650%, and 1.07225%, respectively. Figures 8-10 
when 1 is cement (by volume), 2 is sand (by volume), 3 is water (by volume), 4 is foam content (by volume), 5 is bottom ash (by volume), and 6 is age (day).
Conclusions
From the experimental results on evaluating the feasibility of utilizing BA from Mae Moh power plant as a fine aggregate in cellular concrete, it can be concluded as follows:
(1) The cellular concrete containing the BA exhibited higher porosity than those of the control concrete and resulted in higher water requirement for achieving workability of cellular concrete. Compressive strength, absorption, and density depended on foam content, percent sand replacement by BA, cement content, and curing age. (2) The optimum replacement of BA in cellular concrete was 25% by volume of sand and used 50% of foam content, where it gave compressive strength, density, and water absorption of 2.8 MPa, 984 kg/m 3 , and 28%, respectively. In addition, it was closed to class 10 of TIS standard. Moreover, the resultant properties of the optimum mix are greater than typical clay brick in Thailand's construction industry.
(3) The nonlinear regression technique can be used to predict the compressive strength, water absorption, and density of cellular concrete because it gave a high absolute fraction of variance with a low mean absolute percentage error and root mean square error.
